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Project Objective: Devel op computational tools and software that will enable
corrosion and chemnical engineers to predict the corrosion behavior of

engi neering alloys in mxed-solvent environments. For this purpose, the software
shoul d i nclude: (1) A nodel for the prediction of thernodynam c properties of

m xed-sol vent el ectrolyte systens; (2) A conprehensive tool for the

t her nodynam ¢ anal ysis of corrosion of alloys, which will enable the users to
predict the tendency of a given alloy to corrode in a given environnent; (3) A
tool to conpute the corrosion rates of alloys that will allow users to nake

gquantitative predictions of the effects of process variables on corrosion rates
of candidate materials.

Executive Summary: Corrosion is nuch |less predictable in organic or m xed-

sol vent environments than in aqueous process environments. As a result, US

chem cal conpanies face greater uncertainty when selecting process equi prment
materials to manufacture chem cal products using organic or m xed solvents than
when the process environnents are only aqueous. Chem cal conpanies handle this
uncertainty by over designing the equi pment (wasting noney and energy), rather
than by accepting increased risks of corrosion failure (personnel hazards and
environnental releases). Therefore, it is inportant to devel op sinmulation tools
that would help the chem cal process industries to understand and predict
corrosion and to develop mitigation nmeasures. To devel op such tools, we have
devel oped nodel s that predict (1) the chem cal conposition, speciation, phase
equi libria, conponent activities and transport properties of the bul k (agueous,
nonaqueous or m xed) phase that is in contact with the netal; (2)the phase

equi libria and conmponent activities of the alloy phase(s) that may be subject to
corrosion and (3) the interfacial phenonena that are responsible for corrosion
at the netal/solution or passive filnm solution interface. During the course of
this project, we have conpleted the following: (1) Devel opnment of thernmodynam c
nodul es for calculating the activities of alloy conmponents (2) Devel opment of
software that generates stability diagranms for alloys in aqueous systens; these
di agrans make it possible to predict the tendency of netals to corrode. (3)



Devel opment and extensive verification of a nodel for calcul ating speciation
phase equilibria and thernodynam c properties of m xed solvent electrol yte
systenms (4) Integration of the software for generating stability diagrans with
t he m xed-sol vent el ectrol yte nodel, which nmakes it possible to generate
stability diagrans for nonaqueous or m xed-solvent systens. (5) Devel opment of a
nodel for predicting diffusion coefficients in mxed solvent electrolyte systens
(6) Devel opnent of fundanentals of a detailed kinetic nodel of genera

corrosion, which includes a detailed treatnment of |ocal chenistry changes near
the netal/solution interface coupled with transport through a liquid | ayer and
solid phases at the interface. (7) Devel opment of paraneters for OLI's kinetic
nodel of general corrosion of comon engineering alloys in agqueous systens with
a variety of solutes. Wth this nodel, the users will be able to predict the

ef fect of various process conditions (such as environment conposition
tenperature, pressure) on the general corrosion of alloys. (8) Conprehensive
revi ew of the fundanentals of the nodels by an Academ ¢ Revi ew Panel, which was
performed in conjunction with three annual review nmeetings. (9) Devel opment and
commerci al rel ease of the Corrosion Analyzer, a Wndows software product that
enconpasses the thernodynam c nodel, a facility for generating stability

di agranms and the nmodel for predicting the rates of general corrosion of selected
all oys in aqueous systens.

PROJECT ACTI VI TI ES, SClI ENTI FI C APPROACHES AND RESULTS The project activities,
scientific approaches and results will be described here in detail for each task
of the project. Task 1: Devel opnent of Stability Diagrans for Alloys and Their
Conponents i n Aqueous Environnents Thernmodynam ¢ stability di agrans have been
extensively used for predicting and rationalizing corrosion-related processes
since Pourbaix (1964) devel oped a conprehensive collection of diagrans for nost
el enents in water. The Pourbai x di agranms depict the areas of thernodynam c
stability for various, solid or aqueous, species as functions of the potentia
(E) and pH. Thus, the diagrans indicate under which E and pH conditions the
metal of interest is thernodynamically stable (or imune to corrosion) and which
conditions may cause its dissolution in the formof ions or its transfornmation
into netal oxides or other solids that nmay give rise to passivation. However,
the stability diagrans that are described in the literature are subject to sone
inherent limtations. First, the classical stability diagrans have been
constructed for arbitrarily assunmed activities of dissolved species. This has
been due to the difficulties in devel oping predictive activity coefficient
nodel s for nulticonponent solutions. Wthout a conprehensive activity

coefficient nodel, it is possible to use only nunerical values of activity
coefficients that correspond to a solution of well-known conposition such as
seawat er. The absence of an activity coefficient nodel linmts the accuracy of

the diagrans to very dilute solutions, for which the assumed activities can be
identified with concentrations. Second, stability diagrans were available only
for pure nmetals because of a | ack of suitable nmethodol ogy to account for the
activity of alloy conponents. Another limitation of the classical diagrans is
the fact that pHis introduced as an i ndependent variable wi thout regard to the
chemical identity of the sources of the H+ and OH- ions, which determ ne pH
Additionally, the classical diagrans are restricted to E and pH as i ndependent
vari abl es whereas it is frequently of interest to analyze the effects of species
other than the H+ or OH ions. For exanple, it may be worthwhile to use the
concentrations of conpl exi ng speci es as i ndependent variables. Also, it is often
nore convenient to consider pH as a dependent rather than i ndependent variable
because it results fromthe presence of various acidic or basic conponents whose
concentrations may be nore natural as independent variables. In this project, we
have devel oped a net hodol ogy to overcone these limtations with the help of
conprehensi ve thernodynanmi c nodels. Wth the new approach, stability diagranms
are constructed to achieve the followi ng goals: (1) Incorporation of an



activity coefficient nodel for mnulticonponent aqueous systens; (2)

I ncorporation of a nodel for calculating the activities of nmetals within alloys.
(3) Applicability for concentrated solutions (i.e., for ionic strengths up to 30
mol /kg) (4) Applicability over extended tenperature and pressure ranges (i.e.
for tenperatures up to 300 °C an pressures up to 1 kbar); (5) Flexibility with
respect to the choice of independent variables so that the effect of any

sol uti on conponents can be explicitly studied. Since the diagrans are based on a
realistic nodel for the aqueous phase, they will be referred to as the real -
solution stability diagrams. Subtask 1.1: Calculation of the activity of

i ndi vi dual conponents in alloys. This subtask was perfornmed at the OGak Ri dge
Nati onal Laboratory. The overall aimof the ORNL research task was to devel op
software modul es to calculate activity of individual alloying elenments as a
function of concentration and tenperature for a phase that is of interest. These
calculated activity values are used in the OLI corrosion nodel for stability

di agram cal cul ati ons. The alloy systens that are of interest to current research
project were copper alloys (Cu-N system), lowalloy steel (Fe-C-W), stainless
steels (Fe-Cr-Ni-M-C), nickel alloys (Ni-Cr-Fe-M-C) and dupl ex stainless
steels (Fe-Cr-Ni-M-C-N). The structure of the ORNL alloy nodule is depicted in
Figure 1. Methodol ogy: The activity (ai) of alloying element is related to its
chenmical potential (pi) as given by equation (1) [Lupis, 1983], Text Box: Fig.
1. Schematic illustration of ORNL research tasks (1). The chemical potentia
in-turn is related to the nolar free energy (Gr and nolar concentration (Xxj)
through the following relation, (2). The nolar free energy of the alloys as a
function of alloying el ement concentration were described using sublattice nodel
[ Sundman et al, 1985 and Saunders & M odowni k, 1998] and is given by the
following formulation, (3). In the above equation, is the contribution due to
pure conponents [Dinsdale, 1991], is the ideal mxing contribution, Gis the
contribution due to non-ideal nmixing, is the contribution to nagnetic G bbs
energy, and is the contribution due to pressure term [ Saunders and M odowni k,
1998]. Results: Published thernodynam c data for constituent binary systens (e.g
Fe-C, Gustafson, 1985), ternary systens (e.g. Fe-Cr-C by Andersson, 1988) and
quarternary systenms (e.g. Cr-Fr-N-Ni by Frisk, 1991) were used to develop the
software nodul e for stainless steels, nickel alloys and duplex steels. The

sof tware nodul es were designed to calculate the activity of constituent alloying
el enments in both austenite (face-centered cubic crystal structure) and ferrite
(body-centered cubic crystal structure) as a function of concentration and
tenperature. The software nodul es were evaluated with ThernmoCal c® cal cul ati ons
for accuracy [Sundman et al, 1985]. The cal culations shown in Fig. 2 show good
agreenent with ThernoCal c® predictions. In addition, the plots show the
activity of Mo in BCC phase wll be many orders of magnitude higher than that
in FCC phase. The above results are significant since the corrosion stability

di agrans can be evaluated for different phases with the same conpositions. Text
Box: Fig. 2. Calculated variations of activity as a function of nolybdenum
concentration in a Fe-22Cr-5Ni-0.02C-0.16N (wm.% alloy with ORNL nodel and
ThernoCal c® software version N. Subtask 1.2: Review of the basis of the nodel by
Academ ¢ Revi ew Panel The team nenbers net with the Acadeni c Revi ew Panel three
times during the course of the project: (1) June 10, 2000 in St. Louis in
conjunction with a regular neeting of the Materials Technology Institute (MIl).
(2) June 5, 2001 in Menphis, also in conjunction with an MIl neeting and (3)
May 16, 2002 in Philadel phia at a special neeting. At these neetings, a detailed
technical review of the fundanentals of the nodels has been perfornmed. The
menbers of the Academ ¢ Revi ew Panel were Professors CGerald S. Frankel (Ohio
State University), Lloyd L. Lee (University of Cklahonma), Zi-Kui Liu
(Pennsylvania State University) and Mark E. Orazem (University of Florida). The
reviewers provided the team nenbers with their conments, which were taken into
account in the research and devel opment process. Subtask 1.3: Incorporation of
the alloy nodel into stability diagramsoftware. The alloy thernodynan c nodul es



have been integrated with the software for generating stability diagrams. For
this purpose, the stability di agram code has been revised to incorporate a

G bbs energy nodel not only for the aqueous phase, but also for the solid
(alloy) phase. In this section, we describe the algorithmfor generating
stability diagrans for alloys. A stability diagramfor a given physical system
can be viewed as a superposition of elenmentary diagrans for the redox
subsystens that nake up the system of interest. For exanple, a system conposed
of a Fe-Ni alloy in an H2S solution can be treated as a superposition of five
redox subsystens defined as: (1) Al species containing Fe in any possible
oxi dation state (0, +2, +3 and +6) (2) Al species with Ni in the 0, +2, +3 and
+4 oxidation states; (3) Al species with S in any possible oxidation state
ranging from-2 to +8; (4) Al species with Hin the 0 and +1 oxidation state
and (4) Al species with Oin the -2, 0 and, possibly, -1 oxidation states.
Thus, each redox subsystemis associated with an elenent that can exist in two
or nore oxidation states. Each of the elementary redox subsystens is
characterized by a set of equations that nmay occur between the species that

bel ong to the subsystem The subsystens are interdependent because the
reactions in each subsysteminvol ve species that belong to nore than one
subsystem However, the relationships between the potential and activities or
concentrations of species can be separately plotted for each subsystem For
exanpl e, the classical Pourbaix diagrams (1966) are shown as superpositions of
three elenentary diagrans, i.e., one for a redox subsystem containing a

sel ected nmetal, one for the oxygen subsystem and one for the hydrogen
subsystem The latter two subsystens are usually represented by single Iines
that correspond to the H+¥/ H2 and O2/ H2O equilibria. To conmpute a stability

di agram for each redox subsystem it is necessary to enunerate all distinct
chemi cal species that belong to this subsystem Each of these species contains
the particular element that is associated with the subsystem Then, equilibrium
equations are witten between all species in the subsystem If the nunber of
species is n, then n(n-1)/2 reactions are defined. A reaction between the

species X and Yis witten as (4) where Ai (i = 1,...,k) are the basis species
that are necessary to define equilibriumequations between all species in the
redox subsystemand .i are the stoichionetric coefficients. For convenience,

each reaction is nornmalized so that the stoichionetric coefficient for the
right-hand side species (Y) is equal to 1. To establish a general algorithmfor
defining the basis species Ai, we note that the species X and Y from equation
(4) can be represented as (5) (6) where Mis the elenent that is associated
with the redox subsystem H and O are the usual synbols for hydrogen and
oxygen, respectively, and C, D, E,... are the additional elenents that exist in
the species X and Y. For the purpose of defining the basis species, we
separately treat elenents in different oxidation states. For exanple, C and D
can represent the sane elenent in two different oxidation states. The basis
speci es are then defined as the species that contain H O C, D, E, etc., but
do not contain M Although this definition allows considerable flexibility in
choosing the basis species Ai, additional rules are introduced to sinplify the
algorithm (a) H+ is always the basis species that contains H (b) H2Ois

al ways the basis species that contains O (c) The basis species containing C,
D, E, etc. are selected so that they contain the m ninum possible nunber of
hydr ogen and oxygen atonms in addition to C, D, E,... . To illustrate the

sel ection of basis species, |let us consider two exanples. In a system conposed
of Cu, H20 and NH3, the species in the copper-containing redox subsystem are
copper hydroxi des, oxides and conpl exes formed by Cu with the OH and NH3
groups. Therefore, the general formula for the species is Cu where N-3 denotes
Nin the -3 oxidation state. Thus, the basis species for constructing reactions
(5) are H+, H20 and NH3(aqg). In a system conposed of iron, water and sul fur-
beari ng compounds, the species in the iron subsystemare iron hydroxides,

oxi des, hydroxyconmpl exes, sulfides, polysulfides and sulfates. The genera



formula for the species is then and the basis species are H+, H20, S2-, SO (s)
and S04 2-. After selecting the basis species, the stoichionetric coefficients
in equation (5) are determined by balancing the elenents M H O C, D, E, etc.
Finally, the nunmber of electrons (.e) is found by balancing the charges on the
right- and | eft-hand sides of equation (5). The sel ection of basis species is
slightly nore conplicated in cases when not only the elenent M (cf. egs. 5 and
6) is subject to redox equilibria, but also some of the elenents C, D, E, etc.
can enter into their own redox equilibria. A typical exanple is the iron-water-
sul fur system in which both iron and sulfur can exist in several oxidation
states. In the iron-containing subsystem the transformations between the
various Fe species can involve the oxidation and reduction of either iron or

sul fur or both. In such cases, the basis species are nodified in a two-step
procedure: (1) First, it is determ ned which basis species are stable in which
area of the stability diagramand (2) Only the stable species are retained in
the basis and the renmmining ones are deleted. The del eted species are not taken
into account for constructing the equilibriumequations (4) but, otherw se,
they are kept in the system Since different basis species can be stable in
various areas of a stability diagram the steps (1) and (2) are usually
repeated in as many areas of the diagram as necessary. This procedure ensures
that only the stable basis species are included in the reactions. For exanple,

el emental sulfur (SO) is stable only in a certain fraction of the E-pH pl ane.
Therefore, SO is used as a basis species to construct the reactions for the
iron subsystemonly when SO stable, i.e., when solid sulfur can exist in a
finite anpbunt. The proposed procedure for constructing equilibriumequations is
consi derably nore conplicated than the techni ques proposed in the literature in
conjunction with the classical Pourbaix diagrans (1966). However, it nakes it
possible to include chenical transformations of any conplexity and is not
l[imted to those involving H+ and H2O. Equilibriumlines. In the classica

Pour bai x di agrans, each line represents the equilibrium between two chem ca
species for a given activity. Since the activity of dissolved species is

assuned a priori, it is possible to derive analytical expressions for the
equilibriumlines. Such expressions give pH values for the equilibrium between
two species that do not undergo a redox reaction and express the potential as a
linear function of pH for redox transformations. In the real-solution stability
di agrans, the activities of all species vary because of the changing amounts of
i nput species (such as an acid or a base used to adjust pH). Activity
coefficients are nonlinear functions of conposition and may cause
nonlinearities in the equilibriumlines. Therefore, it is not possible to derive
anal ytical expressions for the equilibriumlines. Instead, a certain nunber of
points on the equilibriumlines have to be nunerically conputed. The points can
be further interpolated to obtain an equilibriumline. Stability diagrans are
constructed by performng a sinulated titration with reactants that are
appropriate for varying the independent variable of interest. If pHis the

i ndependent vari abl e, two reactants - an acid and a base - are selected for
the sinmulated titration. First, decreasing anmounts of an acid are added to
cover the acidic pH range in regular increments. Then, increasing anounts of a

base are added to cover the basic pH range. If the influence of a conplexing or
ot her reactive species is studied, the input amount of this species or its

equi librium concentration can be chosen as possi bl e i ndependent variables. Then
a conpound containing this species is added in regular increments. For each
anount of the added reactant, equilibrium conpositions of various species in

t he aqueous phase are conputed. At the sane tinme, the activity coefficients are
obt ai ned. The concentrations and activity coefficients are further used to
calculate the points on the equilibriumlines as explained below. In typica

di agranms, it is sufficient to calculate between 20 and 30 points on the
equilibriumlines provided that they are evenly spaced to cover a full range of
t he sel ected i ndependent variable. Chenical reactions. The chemnical reactions



are defined as the ones for which the nunmber of electrons .e (cf. eq. [4]) is
zero. Since the chemical reactions are independent of the potential, they are
represented on stability diagrams as vertical lines. In this case, an equation
for the affinity A of reaction (4) is witten as (7) where Kis the

equi li brium constant of reaction (5) and ai denotes the activity of species i
The equilibriumconstant is calculated fromthe standard-state G bbs energies G
as (8) The activities of dissolved species are related to the nolalities m
and activity coefficients .i by (9) At equilibrium the affinity of the
reaction is equal to zero. In the particular case when reaction (5) occurs

bet ween an aqueous and a solid species, the equilibriumcorresponds to the

preci pitation of an infinitesinmal amunt of the solid phase. If reaction (5) is
bet ween two aqueous species, the point of zero affinity corresponds to equa
activities of the species X and Y. If the affinity is positive, the species on
the right-hand side of equation (5) predominates. Simlarly, if the affinity is
negative, the species on the left-hand side is predom nant. The species that is
not predom nant nmay be either conpletely absent (which is usually the case for
precipitation equilibria) or may be present in smaller quantities than the
predom nant species. The values of the affinity of the chemical reaction
(equation [7]) are calculated for each step of the sinmulated titration. This
allows us to construct a discrete function, i.e., (10) where varp is the

i ndependent variable (such as pH or concentration of a conplexing agent) at the
point p of the sinulated titration, Ap is the corresponding val ue of the
affinity of reaction (8 and Nis the total nunber of steps in the sinulated
titration. The function (10) is then interpolated using cubic splines. The
interpolating function is used to find the independent variable varO for which
A=0., i.e., (11) The independent variables found in this way are |ater used as
the coordinates of the vertical |ines on the stability diagram After finding
the root of equation (11), it is necessary to check which one of the two
species is nore stable at var>var0 and at var<var0O. This is easily acconplished
by checking the sign of the function f(var). For particular pairs of species,
the root of equation (11) may not be found, which neans that one of the species
is nmore stable in the entire range of independent variables. The anal ysis of
chemical equilibriumequations is repeated for each pair of species, for which
t he nunber of electrons .e is zero. Thus, a collection of vertical boundaries
in the stability diagramis established. Electrochem cal reactions. In the case
of electrocheni cal reactions, the nunber of electrons .e in equation (5) is not
equal to zero. In this case, equilibriumpotentials that correspond to reaction
(5) are conputed for each pair of species Xand Y, i.e., (12) where Ris the
gas constant, F is the Faraday constant and EO is related to the standard-state
G bbs energies by (13) In eq. (12), the activities ai pertain to either
solution or solid species. For solution species, they are calculated fromthe

t her nodynam ¢ nodel of aqueous solutions (Rafal et al., 1995). For solid
speci es that are conponents of alloys, the thernodynam ¢ nodel of alloys
(subtask 1.1) is wused. For pure solid species, the activity is equal to one.
The val ues of the potential are obtained fromeqs. (12-13) for each step of the
simulated titration and used to construct a discrete function of the

i ndependent variable, i.e., (14) where varp is the independent variable at
the point p of the sinulated titration and Ep is the value of the potentia

cal cul ated fromequation (12). The function (14) is then interpolated using
cubic splines. Areas of predoninance. After determ ning the equilibriumlines
that correspond to chem cal and electrochem cal equilibria, areas of

predom nance are conputed for each species in the redox subsystem of interest.
For each species, four classes of boundaries are differentiated: (1) Upper
boundari es, which correspond to equilibria with other species that are in higher
oxi dation states. If the nunber of electrons .e in equation (4) is positive, the
line determ ned by equation (12) will be an upper boundary for the species X
Conversely, if .e<0, the line determ ned by equation (12) will be an upper



boundary for the species Y. (2) Lower boundaries, which correspond to equilibria
with other species that are in |ower oxidation states. The |ine determ ned by
equation (12) will be a | ower boundary for the species Xif .e<0 or a |ower
boundary for Y if .e>0. (3) Right-hand side boundaries, which nmean that the
speci es under consideration is predom nant for independent variables that are

| oner than the root var0O of equation (10). (4) Left-hand side boundaries, which
mean that the species is predom nant for independent variables that are greater
than var0. The sign of the affinity (equation [10]) is used to determ ne

whet her a vertical boundary is a right- or |eft-hand side boundary. In general
there can be several boundaries of each kind. Therefore, an autonmatic procedure
is set up to find intersection points between the boundaries and determn ne

whi ch ones are active (e.g., the |lowest upper boundary and the hi ghest | ower

boundary will be active for any given independent variable). In the case of
systens in which the basis species are adjusted depending on the stability of
the potential |igands, the stability areas of the |ligands are determ ned prior

to the calculation of the predom nance areas for the redox subsystem of

interest. Then, the predom nance areas for the redox subsystem are separately
determined within the stability area of each ligand. Despite the separate
determ nati on of the predomi nance areas in different parts of the di agram
there is always a snooth transition at the boundaries between the Iigand
stability areas because the reaction equilibria, concentrations and activity
coefficients in each ligand stability area are interdependent and nutually

consi stent. Thus, stability diagrans can be now generated for common engi neering
al l oys in aqueous environnents. Also, the data bank of thernmodynam c properties
has been extended to include m xed netal oxides, which are responsible for
passivity in stainless steels and nickel -based alloys. Subtask 1.4:
Verification of the predictions of the real-solution alloy stability diagramns.
The obtained stability diagrans for alloys have been extensively verified by
conparing the predictions with experinmentally obtained corrosion tendencies.
This verification has been carried out by the devel opnent team at OLI Systens
and by Steven L. Grise at DuPont. An exanple is shown in Figure 3 for carbon
steel at high tenperatures. As shown in the figure, the stability areas of

passi vati ng oxi des correspond to | ow corrosion tendenci es whereas the stability
areas of aqueous ions correlate with high corrosion tendencies. The vertica
bars in Figure 3 show the difference between the equilibriumpotentials for
predom nant reduction and oxi dation processes. The mi xed potential establishes
itself between the two equilibriumpotentials. Thus, the stability diagranms can
be used to predict whether the m xed potential corresponds to the presence of a
potentially passivating oxide. Figure 3. Verification of the cal cul ated
stability diagramfor carbon steel at 300 °C. The vertical bars show the

di fference between the equilibriumpotentials for reduction and oxi dation
reactions and bracket the m xed potential. The nunbers over the vertical bars
denote the experinental corrosion tendencies (Partridge and Hall, 1959). Figure
4, Stability diagramfor Fe species in pure iron Figure 5. Stability diagram
for Fe species in type 316L stainless steel. Figure 6. Stability diagram for
Monel at 25 °C. The all oy diagram shows a superposition of conmponent diagramns
for copper and nickel. The tendency for corrosion in aerated and deaerated
H2SO4 solutions is shown as vertical bars and conpared with observed corrosion
rates. Figure 7.Stability diagram for Mnel as a function of the concentration
of ammonia. The tendency for corrosion in aerated amonia solutions is shown as
a vertical bar and conpared wi th observed corrosion rates. Further, corrosion

t endenci es have been analyzed for various Fe-Cr-Ni-M alloys and the stability
fields of nmulticonponent oxi des have been related to the observed corrosion
tendencies. Figures 4 and 5 exenplify the substantial differences in the
stability field that result fromthe presence of m xed oxides (Ni-Cr-Fe

oxi des). Such oxides are thernodynam cally stable in the passive |ayers on
stai nl ess steels and nickel -base alloys. Figure 6 shows a stability diagramfor



Monel as a function of pH It illustrates how the predicted tendency for
corrosion in acidic, aerated or deaerated solutions can be correlated with the
observed corrosion rates. As expected, a greater corrosion tendency correl ates
with greater corrosion rates. Figure 7 shows a stability diagramfor Mnel in
an ammonia solution. In contrast to the previous diagrans, the concentration of
ammonia i s used as an i ndependent variable. Conplexation with ammonia is a
commonly known cause of corrosion in such systens. As shown in Figure 7,

conpl exation |eads to the dissolution of the oxide film which accounts for the
substantial corrosion rate. Simlar diagrams can be generated with ease using
the OLI software. Subtask 1.5: Commercialization of the real-solution alloy
stability diagrans for aqueous systens. As a vehicle for the conmercialization
of the stability diagramcode, we have devel oped the Corrosion Analyzer, a

W ndows software product that encapsul ates the nodels developed in this

project. The Corrosion Analyzer provides a convenient interface that allows the
user to generate stability diagrans for alloys and pure netals in contact with
aqueous systens containing virtually any conbination of electrolyte conponents
and organic solutes. The Corrosion Analyzer 1is comercially available from QLI
Systens. Information about this software product can be obtained fromthe
website ww. ol i systens. com Task 2: Devel opment of a Mddel for Thernodynani ¢ and
Transport Properties of Mxed- Solvent Electrolytes Prior to this project, a
conprehensi ve thernodynani ¢ nodel was avail able for aqueous systens, i.e.
systens in which water is the dom nant solvent with a nole fraction of at | east
0.6 (Zemmitis et al., 1985, Rafal et al., 1995). While this nodel provides an
excel l ent representation of the properties of aqueous solutions, it was not
applicable to nonel ectrol yte-based systens or very concentrated electrolyte

sol utions. Thus, the objective of this task was to devel op a conprehensive
nodel that woul d predict both speciation and phase equilibria in nixed-sol vent
el ectrolyte systenms. Subtask 2.1: ldentification of critical mi xed-solvent
systems. The objective of this subtask was to identify the nost inportant
systens that can be used as benchmarks for the devel opnment of the mni xed-sol vent
el ectrolyte nodel. The key systens include: Acid-water systens: Sulfuric acid,
princi pal carboxylic acids (formc, acetic, citric and other nono- and

di carboxylic acids), nitric, hydrochloric, hydrobrom c, hydrofluoric and

sul fam c acids; Oher inorganic-water systems: Ammonia, calcium chloride

Organi c-water systenms: Methanol, ethylene and propyl ene glycols, EDTA and

nonoet hanol ami ne M xed systenms: CaCO3 / formic or citric or sulfamc acid;
Na2CO3* / Na2SO4* / Na2S203 / catechol; H2SO4 + FeSO4 + H20 Wil e these
systens were used as benchnmarks for nodel devel opment, the nodel is applicable
to a much wi der variety of chemi cal systens. Subtask 2.2: Devel opnent of a

t her nrodynam ¢ nodel for m xed-sol vent el ectrolytes. Nunmerous el ectrol yte

sol uti on nodels including those for m xed-solvent systens have been reported in

the literature. In a recent paper [Anderko et al., 2002], electrolyte solution
nodel s have been reviewed with enphasis on m xed-sol vent systens. |In general
three classes of nopdels can be distinguished, i.e., nodels that treat

el ectrol ytes on an undi ssoci ated basis, those that assume conpl ete di ssociation
of electrolytes into constituent ions and speciation based nodels, which
explicitly treat the solution chem stry. Although conparable results can be
obt ai ned for phase equilibrium calcul ations (especially vapor-liquid equilibria)
with nodels that belong to various groups, speciation cal cul ati ons becone
necessary whenever solution chemstry is sufficiently conplex to manifest
itself in thernodynam c properties. In mxed solvents, ion pairing can be
significant in conparison with agqueous environnments due to the change of

sol vent properties such as a decrease in the dielectric constant. It is known
that the degree of ion association varies substantially with solvent
conmposition and the dielectric constant [2,3]. The change in ion association

wi th conposition can also be significant in comon acids, such as the H20 HF
and H2O0- H2SO4 mi xtures. Speciation variations can also have a significant



ef fect on phase equilibria, such as the solubility of salts, especially in

mul tisalt, mxed-solvent systems. |In general, solution chem stry is an inherent
part of the nonideality of electrolyte solutions and needs to be properly
accounted for. Finally, speciation is of critical inportance for corrosion

anal ysis because it determ nes properties such as pH or conpl exation of netals.
Thus, it is desirable to extend the definition of m xed-solvent electrolytes to
include liquid salts and to devel op thernodynam ¢ nmodel s that are capabl e of
reaching this limt. In this work, we present a new, general, speciation-based
t her nodynam ¢ nodel for m xed-solvent electrolyte systens. Here, the term

“m xed-sol vent el ectrolyte” enconpasses systenms of the following types: -«
Aqueous el ectrolyte solutions frominfinite dilution to fused salt; =« Fully

m sci bl e inorganic systens (e.g. H2SO4-water and HF-water) in a ful
concentration range; < Electrolytes in organic or m xed organic + water

sol vents; The nodel is designed to represent phase and chemical equilibria as
well as thermal and volunetric properties in m xed-solvent electrolyte systens.
The nodel is validated using experinmental data on vapor-liquid equilibria,
solubility, activities and activity coefficients, acid dissociation constants,
G bbs energies of transfer, heats of dilution and m xing, heat capacities, and
densities. Thernmodynami ¢ Franework. The nonideality of an electrolyte solution
arises fromvarious forces including electrostatic (long-range) effects due to
the electric charges of ionic species [ Debye and Huckel, 1924, Robi nson and

St okes, 1959], chemical forces that |ead to association or conplex formation,
physi cal dispersion forces and structural differences (e.g. in shape and
relative size) between species [Prausnitz et al., 1986]. Wile the | ong-range
forces predomnate in dilute electrolyte solutions, the chem cal and physica
forces becone increasingly inportant at noderate and short separation distances
bet ween speci es. The physical chemistry of electrolyte solutions becones rather
conpl ex when all of these interactions occur sinultaneously. To take into
account the various effects, an expression for the excess G bbs energy can be
constructed as a sumof three terms: (1) where represents the contribution of
| ong-range el ectrostatic interactions; Gis the short-range contribution
resulting from nol ecul e/ nol ecul e, nolecule/ion, and ion/ion interactions; and

an additional (mddle-range) ternG accounts for ionic interactions (e.g. ion/ion
and ion/nolecule) that are not included in the long-range term Sinmilarly, the
activity coefficient is given by (2) To account for speciation, the chem cal
effects due to the formation of ion pairs and conplexes or the dissociation of
t hese species can be explicitly expressed using chemical equilibria. Thus, for
a chenmical reaction: (3) the equilibriumconditions can be determ ned from

(4) wth (5) where is the standard-state chemical potential of species i

the sumis over all species participating in the chenmi cal reaction, and is the
stoichionetric coefficient of species i in Eq. (3) with positive values for the
speci es on the right-hand side of the equation and negative values for those on
the left-hand side. The algorithmfor the determ nation of the chemni cal
speciation in a mxed-solvent electrolyte systemis simlar to that used for
aqueous solutions as described by Rafal et al. (1995). Thus, additiona
constrains, such as charge balance and the nmaterial balance, are used in the
conput ati on. For VLE cal cul ati ons, the nonideality of the vapor phase can be
conveni ently nodel ed using a cubic equation of state such as the Soave-Redlich-
Kwong (SRK) ECS. Thus, the npdel presented in this work conbi nes an expression
for the excess G bbs energy with chemical equilibriumrelations that arise from
i on associ ation, conplex formation, hydrolysis, etc. Reference state. An

i mportant issue in nodeling electrolyte solutions is the selection of a
reference state. For the long-range electrostatic interaction term the commonly
used expression is that originally devel oped by Debye and Hickel [1924]. The
Debye- Hickel theory was originally developed in the McMI I an-Myer framework
where the solvent appears only as a dielectric continuum and the ionic
reference state is always at infinite dilution in the dielectric medium In



general, such an unsymetrical reference state depends on the conposition of the
solvent m xture. On the other hand, the excess G bbs energy nodels used to
represent the short-range interactions, such as NRTL and UNI QUAC, use the pure
liquid at the system tenperature and pressure as the reference state. Thus, in
nodel i ng m xed-sol vent electrolyte solutions, different reference states are
generally used for ionic species and for solvents, i.e., the infinite-dilution
state in pure water or in a mxed solvent has been used as the reference state
for ions, and the pure liquid is comonly used as the reference state for
solvents. In addition, concentration units used in some of these nodels are
different for the electrolytes and for the solvents. Comonly, nolality is used
for the electrolyte or “solute”, and nole fraction is wused for the “solvent”.
The use of nolality does not allow the nodel to be extended to very
concentrated el ectrol ytes that approach fused salts or pure acids. In sonme
nodel s, in which the long-range interaction contribution has been neglected, a
symretrical reference systemis used for all conmponents (i.e., for both the
sol utes and solvents). This is justified by the fact that the effect of |ong-
range el ectrostatic interactions on phase equilibria is negligible for

el ectrolyte concentrations sufficiently renote frominfinite dilution. In
addition, a reference state based on the infinite dilution in water linmts the
applicability of the nmodel to water-dom nated systens. On the other hand,
nodel s that neglect the long-range interaction contribution and use the
symmetrical convention for all conponents do not show the correct limting
behavi or according to the Debye-Hickel theory and are not suitable for chemn cal
equi librium cal cul ati ons because the electrolyte is assuned to be

undi ssoci ated. In view of the necessity to perform speciation calculations and
in order to maeke the nodel applicable over w de ranges of conpositions, the
symretrical reference state has been selected in the present work. Thus, for
any of the three contributions to the excess G bbs energy, the activity
coefficient is normalized to the unit nole fraction, i.e. as for all of the
species. Obviously, such a reference state is hypothetical for ions. The
symmetrical reference state nakes no distinction between the “solvent” and the
“solute”. This is especially convenient when nodeling thernodynam c properties
of liquid mxtures of any conposition, e.g. electrolyte solutions frominfinite
dilution to fused salts or acids or non-electrolyte mxtures in ful
concentration ranges. The concentration unit in the nodel is nole fraction for
all species. Standard state chemi cal potentials. As discussed above, speciation
calculations require the use of standard-state chenical potentials, , for al
species that participate in a chenmical reaction. For electrolyte solutions, the
standard-state chemical potential can be generally based on the follow ng
conventions: (1) infinite dilution in water on the nolality scale
(unsymmetrically normalized, , where “*” in the superscript denotes infinite
dilution with respect to water); (2) infinite dilution in water on the nole
fraction scale (unsynmetrically-normalized, ); (3) pure conmponent on the nole
fraction scale (synmmetrically normalized, ). Thernochem cal data for aqueous
speci es are available from extensive thernodynani ¢ dat abases, and the
tenperature and pressure dependence of the standard-state properties can be
cal cul ated using a conprehensive nodel devel oped by Hel geson and coworkers
(commonly referred to as the Hel geson-Kirkham Fl owers equation of state

[ Hel geson et al., 1974, 1976, 1981]). The paraneters of this nodel are

avail able for a |l arge nunber of aqueous species including ions, associated ion
pairs, and neutral species (inorganic and organic) [Shock and Hel geson, 1988,
1990, Shock et al., 1989, 1997, Sverjensky et al., 1997]. These standard-state
property data, which provide a basis for speciation calculations, are based on
the infinite-dilution—in-water reference state and on the molality
concentration scale. Wien conbined with symmetrically normalized activity
coefficients for speciation calculations, these standard-state properties need
to be appropriately converted. Conversion of the standard-state chem ca



potentials anmong the three reference states can be performed on the basis of an
activity coefficient nmodel [Anderko and Mal anowski, 1992]. In addition, due to
the change of the solvent fromwater to a solvent mxture, the G bbs energy of
transfer of the electrolyte nmust be correctly accounted for to ensure the
correctness of the chemi cal potentials in the m xed solvent for speciation

cal cul ations. Long-range interaction contribution. Various Debye-Hickel -type
excess G bbs energy expressions have been proposed in the literature to
represent the long-range electrostatic interactions between ions at |ow

el ectrolyte concentrations. The extended form proposed by Pitzer et al. has
been nost satisfactory in enpirical tests [Pitzer, 1973, 1980]. Thus, because of
its enpirical effectiveness, the Pitzer-Debye-Hickel expression is used for the
| ong-range electrostatic contribution in this study. When normalized to nole
fractions of unity for any pure species, the Pitzer-Debye-Hickel expression for
the excess G bbs energy is witten as (6) where the sumis over all of the
species (ionic and neutral) and Ix is the nole fraction-based ionic strength
defined by (7) 1Ix,i O represents the ionic strength when the system

conposition reduces to a pure conponent i, i.e., Ix,i 0 =%z 2; . is related
to a hard-core collision diameter and is treated as an enpirical constant
[34,40]. A value of . =14.0 is used in this study. The Ax paraneter is given by

(8) where NA is the Avogadro nunmber (6.022137x1023 nol-1); ds is the nolar
density of the solution (mol.m3); e is the electron charge (1.602177x10-19C)
p=3.14159; e0 is the permttivity of vacuum (8.8541878x10-12 C2.J-1.m1); es is
the dielectric constant; kB is the Boltzmann constant (1.38066x10-23 J.K-1) and
Tis tenperature in K. It has been |ong recognized from experi nental evidence
that there is a strong concentration dependence of the dielectric constant of
ionic solutions [Akhadov, 1980]. For a conprehensive representation of the
properties of m xed-solvent electrolyte systens, the effect of conposition on
the dielectric constant should be taken into account. A general nodel for the
conposition dependence of the dielectric constant has been developed in a

previ ous paper [Wang and Anderko, 2001] and has been used in this study to
calculate es in the Pitzer-Debye-Hickel |ong-range contribution term By
including this dielectric constant nodel, the |ong-range contribution reflects
the electrostatic effects in the actual solution environnent. Differentiation of
Eq. (6) with respect to the nunber of npbles at a constant tenperature and
pressure yields the following expression for the activity coefficient for any
species k (ions and nolecules): (9) It should be noted that the conposition
dependence of both density and the dielectric constant has been taken into
account in the long-range interaction term The sunms in this expression cover
all species. Short-range interaction contribution. The short-range interaction
contribution includes the interactions between all species. Local conposition
nodel s originally devel oped for nonelectrolyte m xtures, such as the NRTL,

W | son, and UNI QUAC nodel s, are appropriate for representing the short-range
interactions in mxed solvent electrolyte systems. In this work, the UN QUAC
nodel [Abrans and Prausnitz, 1975] is selected for this purpose. The advantages
of using UNIQUAC in representing short-range interactions are that (1) its
paraneters often have a smaller tenperature dependence conpared to other
nodel s, which facilitates the use of fewer paraneters when fitting data
covering a wide tenperature range; (2) it is applicable to solutions containing
smal | or |arge nol ecul es including polyners, because the primary concentration
variable is the surface fraction, rather than the nole fraction; (3) it can be
extended to a group contribution framework, such as UNI FAC, to enhance the
nodel ' s predictive capability. The excess G bbs energy in the UN QUAC nodel is
calculated as a sumof a conbinatorial and a residual term[44]. (10) with
(11) (12) (13) (14) (15) where gi and ri are the surface and size
paraneters, respectively, for the species i; Zis a constant with a val ue of
10; aij is the binary interaction paranmeter between species i and j (aij . aji).
When applied to m xed-solvent electrolyte solutions, the subscripts i and j in



t hese equations include all nolecules (solvent nolecul es and undi ssoci at ed

el ectrolyte or neutral conpl exes) and ions. The activity coefficient equations
that correspond to eqgs. (10-15) are given by Abrams and Prausnitz [1975].

M ddl e-range interaction contribution. The m ddle-range termarises from
interactions involving charged species (i.e. ion/ion and ion/nolecule) that are
not included in the long-range term A synmetrical second virial coefficient-
type expression is used to represent this «contribution: (16) The quantity is
a binary interaction paranmeter between the species i and j (ion or nolecule)
and is simlar to the second virial coefficient representing the hard-core
effects of <charge interactions, which are found to be ionic strength-dependent
[Pitzer, 1973]. The paraneter has been assuned to be symetric, i.e. , and

The activity coefficient is expressed as: (17) Thernodynani c Consistency in
Speci ation Cal cul ati ons. As discussed at the beginning of this section, the
conput ation of chem cal equilibria requires the sinultaneous use of activity
coefficients and standard-state thernodynam c properties of all species
participating in chemcal reactions. Since the standard-state properties from
the avail abl e t hernodynam ¢ dat abases and the Hel geson-Kirkham Fl owers equati on
of state [Helgeson et al., 1974, 1976, 1981] are defined for infinite dilution
in water on the nolality basis, an appropriate conversion must be performed to
make speciation cal cul ati ons consi stent when these properties are conbined with
the nole fraction based, symetrically-normalized activity coefficients. For
this purpose, the nole fraction-based activity coefficient of species k in the
symretrical reference state, , is first converted to that based on the
unsymmetrical reference state, i.e. at infinite dilution in water, , via (18)
where is the value of the symmetrically-normalized activity coefficient at
infinite dilution in water, which can be cal culated by substituting and into
the activity coefficient equations. At the sane tinme, the unsymretri cal

nol al i ty-based standard-state chemical potential, , can be converted to a nole
fraction-based quantity, , by (19) where MNis the molar weight of water. The
unsymetrical activity coefficient based on Eq. (18) can then be used with the
standard-state chem cal potential calculated using Eq. (19) for chenical
equilibriumcalculations. It should be noted that this procedure renmmins valid
even when the system of interest does not contain any water. Standard G bbs
energy of transfer. As discussed above, the avail abl e extensi ve dat abases of

t hernmocheni cal properties for aqueous species provide a foundation for nodeling
speci ation in aqueous systens. When applied to speciation calculations in m xed
sol vent electrolyte systens, the aqueous standard-state properties mnmust be
combined with accurately predicted G bbs energies of transfer to ensure an
accurate representation of chemi cal potentials. Thus, it is inportant for the
activity coefficient nodel to reproduce the G bbs energies of transfer. In the
present nodel, an accurate representation of the G bbs energy of transfer is
achi eved by inmposing constraints on the paraneters of the activity coefficient
nodel . For this purpose, we derive an expression to relate the G bbs energy of
transfer to the activity coefficients in aqueous and nonaqueous (or m xed-

sol vent) environnents. The G bbs energy of transfer of ioni from solvent Rto
solvent S on a nolal concentration (m scale is defined as (20) where and are

the standard state (infinite-dilution) chem cal potentials of ioni in solvent
S and R, respectively. Through appropriate thernodynam c mani pul ati on, the
standard state chemi cal potential of ion i in solvent S can be related to that
in water ( ) and to the wunsymetrical (referenced to infinite dilution in
water) activity coefficient, i.e., (21) where and are the nolality and nole
fraction, respectively, of ioni in solvent S, and is the nole fraction-based
unsymretrical activity coefficient of ion i in solvent S, which can be

cal cul ated using the excess G bbs energy nodel described in previous sections.
By substituting Eg. (21) into Eq. (20), a general expression is obtained: (22)
where and are the nol ecul ar wei ghts of solvent S and R, respectively.. At
infinite dilution, the G bbs energy of transfer for an electrolyte from sol vent



R to S can be obtained by adding those of its constituent cation and anion. It
shoul d be noted that nost published standard G bbs energies of transfer are on
the nol ar scale. Conversion of the standard G bbs energy of transfer between
the nmolar (M and nolal (m scales is necessary for consistent cal cul ations.
This is made using the foll owi ng expression [Marcus, 1997]: (23) where is the
density of the designated solvent, and ¢ and a are the stoichionmetric
coefficients of the cation and anion in the electrolyte. Evaluation of nodel
paraneters. The validation of the nodel and the evaluation of nodel paranmeters
require a |large anount of experinental data of various types. The types of
experinmental data used in the determ nation of nodel parameters include the
following: =« Vapor-liquid equilibriumdata,; e Activity coefficients in

conpl etely di ssoci ated aqueous systenms (such as NaCl); <« Osnotic coefficients
(or activity of water) in aqueous solutions; ¢ Solubility of salts in water
organi ¢ solvents and m xed solvents; ¢ Acid dissociation constants as a
function of solvent conposition; + G bbs energy of transfer of electrolytes; -«
Densities; + Heats of mixing and dilution; <« Heat capacities. These
experinmental data cover the concentration ranges of (where is the solubility of
the salt) or , whichever applies, and tenperatures up to 300°C. The adjustable
paraneters in the nodel are the binary interaction paraneters in the UN QUAC and
the m ddle range ternms. These paraneters are determ ned by sinultaneous

i nclusion of all available experinental results of the above types in a single
data regression run, and ninim zation of the differences between the
experinental and cal cul ated property values. The structural paraneters (surface
area and size) in the UNNQUAC termfor all non-electrolyte conponents are based
on Bondi’s [1968] nornmalized val ues of van der Waals group volumes and surface
areas. The values for ionic species are fixed to be 1.0. For inorganic neutra
speci es, the surface and size paraneters are assigned to be equal to those of
water (r=0.92; qg=1.4). For the UNIQUAC binary interaction paraneters, and
qgquadratic tenperature dependence has been found, in nost cases, satisfactory for
fitting experinental data: . For m xed solvents, they are the weighted nolar
wei ghts, i.e. , where the sumis over all solvent conponents, is the nole
fraction of conponent k, and is the nolecular weight of k. (34) For the m ddle-
range term the second virial coefficient-type paraneters, , for charge
interactions (ion/ion, ion/nmolecule) are represented by an enpirical expression
(35) where, ¢, , , and are adjustable paraneters and a is set equal to 0.01
The presence of the constant prevents the occurrence of an infinite value of at
when Eq. (16) is differentiated to yield Eq. (17). The decrease of the second
virial coefficient with ionic strength, which is enbodied by Eq. (35), has been
noted before [Pitzer, 1973]. In a statistical thernmodynam c treatnment of

el ectrolyte solutions, Pitzer [1973] derived a function of ionic strength that
qualitatively describes the behavior of the second virial coefficient that
arises fromcharge interactions as “short-range” effects (relative to the Debye-
Huckel |ong-range effect). This function has provided a basis for the
expressions for the second virial coefficient-type paranmeters. The expression
given in Egq. (35) varies with the ionic concentration in a way that is
consistent with the trend described by Pitzer [1973] and is adopted based on its
effectiveness in fitting experinmental data. To nodel densities of m xed sol vent
el ectrol yte solutions, additional adjustable paraneters are introduced to

i ncl ude the pressure dependence in binary paraneters. For this purpose, the
following function is used in the UNIQUAC term for representing densities at
saturation pressures, (36) The function for the pressure dependence of the

m ddl e-range paraneter is (37) Here, the paraneters, a~and, c, d, e, , ,
are deternined separately fromparaneters that are used for phase equilibrium
and enthal py cal cul ations (cf Egs. (34) and (35)). It should be noted that the
conpl ete nodel reduces to UNI QUAC for nonel ectrolyte mxtures. Subtask 2. 3:

Revi ew of the basis of the nodel by Academ c Revi ew Panel The Academ c Revi ew
Panel (as described for Subtask 1.2) has reviewed the m xed-solvent electrolyte



nodel and provi ded feedback to the devel opers. Subtask 2.4: Integration of the
m xed-sol vent el ectrolyte nodel with OLI software. The mi xed-solvent electrolyte
nodel has been integrated with the OLI Engi ne, which conputes chenical and
phase equilibria for multiconponent, nultiphase systens. For this purpose, the
OLlI Engine was revised to work over the whol e concentration range for m xtures
cont ai ni ng both i onic and noni onic conponents. Also, a regression program has
been devel oped to conpute nodel paraneters by sinmultaneously utilizing phase
equilibriumand caloric data. An additional effort was made to accelerate the
conput ati on of standard-state properties fromthe equation of state of Hel geson
et al. (1974, 1976, and 1981). Also, the code for conputing activity
coefficients has been streanlined to accelerate the conputations. Wth these

i mprovenents, the conputation tinme is now conparable to that observed for the
OLI aqueous-only nodel. Subtask 2.5: Extension of transport property nodels to

m xed- sol vent systens. The diffusivities of electrochemcally active species are
necessary for nodeling the kinetics of reactions that are responsible for
corrosion at the nmetal-solution interface. Therefore, a conprehensive nodel has
been devel oped for predicting the diffusion coefficients in mxed sol vent

el ectrolyte solutions. The nodel is designed to be applicable to m xed-sol vent

el ectrolyte solutions over wi de ranges of solvent conposition and electrolyte
concentration (i.e. frominfinitely dilute to concentrated salt solutions).
Further, the nodel is designed to predict the self-diffusivity of all species in
mul tisolvent, multi-solute solutions using information obtained fromdata for
singl e-solute, single solvent systens. Also, the npbdel accounts for speciation
effects, such as conplexation or ion association, when conbined with a
speci ati on-based thernmdynam ¢ nodel. The nodel consists of two parts: (1)
conputation of limting diffusion coefficients of ionic or nolecular species in
pure and m xed solvents as a function of tenperature and sol vent conposition and
(2) conputation of the dependence of the self-diffusion coefficients on

el ectrolyte concentration. Limting Self-diffusion Coefficients. Limting
diffusivities of ions have been reported in various pure solvents and in m xed-
sol vent systens as a function of the solvent conposition. In general
diffusivity data in organic solvents are relatively few conpared to those in
aqueous solutions, and the npjority of the available data are reported at 25°C
or over a narrow tenperature range. Marcus (1987) collected the transport
properties of ions including the conductivity or self-diffusivity at infinite
dilution in water and in a nunber of pure organic solvents at 25°C. Al so,
Krumgal z (1983) conpiled limting diffusivity data at varying tenperatures for
14 ions in several organic solvents. In the case of ions, the linmting self

di ffusion coefficient in a solvent s, , is related to the linmting equival ent
conductance, , by the Nernst-Einstein Equation: (38) where R, F, and z are
the ideal gas constant, Faraday constant, and ionic charge, respectively. In the
case of aqueous sol utions, Anderko and Lencka (1998) used the equation of

Snol yakov and Vesel ova (1975) to reproduce the limting self-diffusion
coefficients of ions and neutral nolecules. This method is also used in this
study for aqueous solutions. However, for organic solvents, the transition
state theory used by Cel kers and Hel geson (1988) has been found to be nore
effective for representing the tenperature dependence of the limting
conductivity or self diffusivity of ions and neutral nolecules. Thus, the ionic
limting conductivity in a pure solvent s can be reproduced by an Arrheni us-
type equation of the form (39a) or sinply by (39b) For neutral nvolecul es,
an anal ogous equation can be obtained by conbining Egqs. (38) and (39b): (40)
where , , and are adjustable paraneters specific to the ion or nolecule (i) and
the solvent (s). Equations (39) and (40) have been found to reproduce the
tenperature dependence of limting ion conductivities and self-diffusion
coefficients of neutral nolecules in organic solvents wthin experinmenta
uncertainty. For conplex species, the linmting self-diffusivity can be

estimated using the equation previously devel oped by Anderko and Lencka (1998),



i.e. (41) where the Di 0,s values are the linmting diffusivities of the sinple
ions that nmake up the conmplex. Limting diffusivity in mxed solvents. The
[imting ion conductivity or diffusivity data in m xed solvents are relatively
few conpared to those in pure solvents. Thus, it is desirable to develop a

nodel for representing the limting diffusivity in mxed solvents using data
obtained for the constituent pure solvents. In this study, a new, general nodel
is developed for the Iimting ion conductivity or self-diffusivity in solvent
m xtures that nmay contain any conbi nations of conponents. For this purpose, a
mxing rule is proposed to relate the linmting conductivity or diffusivity in
the mixed solvent to those in the constituent pure solvents. Thus, the limting

conductance of an ion i in a mxed solvent is represented by (42) where j and
k are solvents, and .ijk is a nodified arithnetic average of limting ion
conductivities as defined by: (43) Yj is a nodified volune fraction of the
solvent j: (44) is an adjusted nolar volune of the solvent j in the presence
of ion i and other solvents denoted by k: (45) Here, is the limting
conductivity of ioni in the m xed solvent, and are the limting conductivities
of ioni in pure solvents j and k, respectively; is the nole fraction of the
constituent solvent j, is the liquid nolar volune of the pure solvent j, and are
adj ust abl e paranmeters determ ned fromexperinmental |imting conductivity data.

The parameter accounts for the effect of solvent nolar volunes on the variation
of the limting ion conductivity with conposition. It has been found that the
limting ion conductivity versus conposition curve strongly depends on the
redefined nolar volunes ( v ) of the conponents. The quantity nmmy be interpreted
as an effective nolar volune of the solvent j, which is affected by the
presence of other solvents and the ion i in the mxture. This effect can be
represented by Egq. (45) where the pure liquid nolar volume ( ) is corrected for
the presence of other solvent conponents, k (k .j) and the ion i. It should be
noted that, when =0 for all solvents j and k, reduces to v and, when all =0,

Eq. (45) becones a sinple vol une fraction-averaged ideal m xing equation. For
neutral species (including solvent nolecules), a sinilar equation can be
derived for the limting diffusivity based on Eq. (38): (46) 1In Eq. (45), Dnjk
is anodified arithnetic average of limting diffusivities as defined by: (47)
The nodified volune fraction of the solvent conmponent Yj is given by expressions
simlar to Egs. (43) and (44): (48) and (49) Simlarly, the paranmeters and
k are adjustable constants determ ned fromexperinental I|imting diffusivity
data. The nodel uses only pure liquid nmolar volunmes and limting ion
conductivities or diffusivities in pure solvents. It can be applied to sol vent

m xtures of any conposition. In this study, the term*“limting self-diffusion
coefficient” pertains to solutions in which the concentration of any solute
species is zero or at infinite dilution. Thus, the nodel described by Eqs. 46-
49 is also applicable to self-diffusion coefficients of solvent conponents in a
solvent m xture of any conposition. Self-diffusion Coefficients in Concentrated
Single Electrolyte Solutions. The nethod devel oped by Anderko and Lencka (1998)
for nodeling the concentrati on dependence of self diffusivity in aqueous
solutions is extended in the present work to nixed- solvent electrolyte

systenms. In electrolyte solutions, the concentration dependence of the self-
diffusion coefficient of a tracer species i can be accounted for by the

conbi nation of two effects. In relatively dilute electrolyte solutions, the

rel axation effect plays a dominant role. As the electrolyte concentration

i ncreases, short-range forces due to inter-particle interactions becone

i ncreasingly significant. The effect of short-range interactions can be
represented by the hard-sphere theory, which was originally devel oped for

nonel ectrol yte solutions. Thus, the self-diffusion coefficient of a tracer i in
a single-solvent, single-electrolyte solution can be expressed as (Anderko and
Lencka, 1998): (50) where is the limting self-diffusion coefficient of the
tracer i in a given solvent; is a contribution resulting fromthe relaxation
effect; and represents the effects of short-range forces, which are cal cul ated



fromthe hard sphere nodel. It should be noted that Eq. (50) and the equations
that define the and ternms pertain to a single-solvent electrolyte solution
contai ni ng one cation and one anion. The rel axation factor is calculated from an
expressi on devel oped by Bernard et al. (1992) and Chhih et al. (1994) for
systens containing ions of different sizes in a dielectric continuum This
expressi on was derived by conbining the Onsager continuity equations with
equilibrium correlation functions calculated fromthe Mean Spherica

Approxi mati on (MSA) theory. For a tracer i, the relaxation termis given by:
(51) where is the ionic charge, e is the charge of the electron, is the
permttivity of vacuum is the Boltzmann constant, and is the dielectric
constant of the solvent. In Eg. (51), is the average ion dianeter defined by
(52) where is the number density and is the diameter of the I-th ion. The
paraneters and are given by (53) (54) and is the MSA screening paraneter,
calculated in the nean spherical approxi mation as (55) In Egs. (52) ~(55),
the suns are over the two distinct ions (i.e., the cation and the anion). The
har d- sphere contribution to the concentrati on dependence of the diffusion
coefficient of a tracer ion in a solution containing a cation c, an anion a,
and a solvent j can be expressed as: (56) where is the radial distribution

function at contact for rigid spheres of diameters and , and is the dilute gas
di ffusion coefficient for a mxture of nolecules i and j. The superscript O
denotes the pure solvent j at the same conditions as the solution. The
coefficient is given by (57) where is the nolecular weight of species i, is

the total nunber density, and is the average dianeter defined as (58) The
radi al distribution function in Egq. (56), is calculated from (59) where (60)
In order to apply the expressions for the relaxati on and hard-sphere terns, it
is necessary to calculate the relevant solvent properties, i.e., the dielectric
constant (in the relaxation term), nolecular weight (in the hard-sphere tern)
and density (in both terns). To extend the applicability of the relaxation and
har d- sphere terns to m xed-sol vent systens, the solvent properties need to be
redefined as averaged val ues. Thus, the nolecul ar weight of the solvent is

cal cul ated as a weighted average: . = M (61) where and are the salt-free nole
fraction and the nol ecul ar wei ght, respectively, of solvent j and is the nunber
of solvent conponents in the solvent mxture. The density of the solvent

m xture is calculated by assunmng ideal mxing, i.e. (62) The dielectric
constant of the m xed solvent, , is calculated using a general nodel described
in a previous paper (Wang and Ander ko, 2001). The only species-dependent
paranmeters in the nodel (Egqs. 50, 51 and 56) are the dianmeters, si . As a
first approximation, crystall ographic dianeters can be used to estimte s

This approximation is reasonable for relatively dilute solutions. However, it
becones | ess accurate as the ionic concentration increases because of changes
in the ionic environment. For exanple, a change in viscosity at higher
concentrations entails a changing ionic nmobility, which results from altered
sol vation structure and short-range interactions between ions. Therefore, to
reproduce experinental diffusivities over wi de composition ranges, Anderko and
Lencka (1998) introduced an effective dianeter. The effective dianmeter s
reflects the effect of other species on the diameter of species i and is
defined as (63) where is the nolar concentration of species | (i.e., ions or
neutral species or solvent nolecules). The paraneter has the nmeaning of a
speci es dianeter and is treated as an adjustable paraneter to reflect the

i nteractions between species i and |I. In mxed-solvent electrolyte solutions,
the paraneters that represent the interactions of species with the m xed
sol vent, and are defined as averages, i.e., and s s (64) where i denotes a

cation, an anion, or a neutral species including solvent nol ecules and s

denotes the m xed sol vent. Crystall ographic dianeters have been assuned for al

of the paraneters. It should be noted that, when applying Eq. 13 to m xed-

sol vent electrolyte systems, the value is the limting self-diffusion
coefficient of tracer i in the mxed solvent, as calculated fromEqgs. 38 and 42



or Eq. 46. Self-diffusion coefficients in systens with nultiple solutes and
solvents. The equations for the relaxation and hard-sphere terms (Egs. 50, 51
and 56) are limted to systens containing only a single electrolyte. For the
treatnment of nmulticonponent aqueous el ectrolyte solutions, Anderko and Lencka

(1998) forrmulated a m xing rule on the basis of the Stefan-Maxwell fornmalism
for multiconponent diffusion. Derivation of this mxing rule was described in a
previ ous paper (Anderko and Lencka, 1998) and will not be repeated here. This

formalism gives an accurate representation of the concentration dependence of
sel f-diffusion coefficients in conplex aqueous el ectrolyte solutions. By
treating a m xed solvent as a single solvent with averaged properties, this
mxing rule is readily extended to represent self-diffusion coefficients in
systems with nmultiple solutes. Subtask 2.6: Verification of the predictions of

t he m xed-sol vent el ectrolyte nodel The nodel has been validated using
different types of experinental data for various classes of mxtures under w de
ranges of conditions. The nodel can sinultaneously reproduce VLE, activity
coefficients, solubility, speciation in water and m xed sol vents, G bbs energy
of transfer of electrolytes, heats of dilution and m xi ng, heat capacities, and
densities in electrolyte solutions ranging frominfinite dilution in water to
fused salts or pure acids. Mddeling results have been conprehensively described
by Wang et al. (2002) and WAang and Anderko (2003). Here, we describe sanple
validation results for systens that are particularly inportant for nodeling
corrosion. The behavi or of acids and bases in nm xed solvents is of particular
interest in the study of solution properties that are dependent on pH. For
exanpl e, due to changes in ionization, the corrosivity of an acid or a base may
change significantly with the conposition of the solution in which the netal is
imersed. In this work, systenms containing acids in water and organic solvents
were anal yzed. The results of nodeling VLE for the HC -water and HC -

wat eri sopropanol systens are shown in Figs. 8 and 9. Figure 8 shows VLE results
for HC -water at 0 and 70°C. The results for the HC -water-isopropanol system
are shown in Fig. 8 at two conpositions. In the systems shown in these figures,
the el ectrol ytes have been assunmed to conpletely dissociate and the weak

di ssoci ati on of the al cohols has been taken into account using acid

di ssociation constants fromthe literature. The results presented here show t hat
the nodel can accurately reproduce experinmental VLE and solubility data in
salt-water-organic mnmixtures. Speciation is of particular interest in the study
of solution properties that are dependent on pH, and in identifying the species
that are responsible for certain phenomena such as corrosion or other

el ectrochem cal processes. Mnoprotic acids such as formc and acetic acids in
wat er al cohol mixtures as well as the HF-H20 and H2SO4- H20O ni xtures are anong
the systens that are characterized by noderate to strong i on association or

pol ymeri zation. Extensive experinental VLE and thermal property data have been
reported for these systems, and ionization constants for the nonoprotic acids
in water-al cohol mxtures are also available. These data are convenient for
testing the speciation nodel. Acetic and formc acids are known to associate in
aqueous solutions with the ionization constants of 10-4.76 for the acetic acid
and 10-3.75 for the formic acid at 25°C. In nixed solvents, these ionization
constants change with the solvent conposition. The acids becone nore associated
with an increase in the alcohol concentration and a decrease in the sol vent
dielectric constant. It is also well known that these acids are highly
associated in the vapor phase to form dinmers or higher polynmers. Realistic
nodel i ng of these systens nmust take into account the speciation reactions
(i.e., ionization and dinerization) in both the liquid and the vapor phases. The
i oni zation constants for formc acid and acetic acid in water-al cohol m xtures
such as waternethanol and water-ethanol have been reported in the literature

[ Pani chaj akul and Woolley, 1976, Sen et al., 1979]. Dinerization constants in

t he vapor phase for these acids are al so avail able. Wth these constants, the
nodel can reproduce both VLE and chenical speciation in both liquid and vapor



phases. The predicted apparent dissociation constants of the acids in alcohol -
wat er mixtures are shown in Fig. 10 for the ionization constants of fornmc acid
and acetic acid in ethanol-water mxtures, and in Fig. 11 for the sane acids in
nmet hanol -water m xtures. Another systemthat exhibits significant speciation
effects is HF-water. This systemis of considerable interest fromthe
perspective of industrial applications such as glass etching, stainless stee

pi ckling, alum numrefining, alkylation catalysis, and manufacture of
fluorinecontaining plastics. This is a particularly difficult system because of
a very strong change in di ssociation as a function of conposition, coupled
with rmultinmerization of HF. Hydrogen fluoride is known to have a fairly |ow
ionic dissociation in water (pKa=3.45). Electrical conductivity neasurenents in
extrenmely anhydrous hydrogen fluoride also indicate a very | ow concentration of
di ssociated HF, i.e. "3x10-8 at 0°C. At the same tinme, strong nultimerization of
pure HF in both the Iiquid and gas states has been recogni zed by nmany authors.
The formation of dinmers, hexanmers and other products of self-association of HF
in the vapor phase is well known and has been extensively investigated in the
literature. Infrared spectroscopic data seemto indicate the existence of
mononers, dinmers, triners, and hi gher polyners. Oher studi es have shown that
PVT properties of the saturated HF vapor can be represented either by assum ng
only two nol ecul ar species, HF and H6F6 and a single equilibrium

6HF(vap) =H6F6(vap) or by assuming nmultiple association nodels. The study of
association of HF in the Iiquid phase is nmuch less extensive. In the liquid
phase, the HF dissociation is constrained by the acid dissociation constant of
HF in water, as deternm ned using avail able experinmental data, and by the | ow
ionic concentrations in anhydrous HF derived from conductivity neasurenents.
Usi ng vapor pressure data for the HF-water binary m xtures, and applying the
constraints for the dissociation of HF, bot h phase equilibria and chemnica
speci ati on have been accurately reproduced over a wide tenperature range and in
the entire conposition span as shown in Fig. 12. The speciation in the Iliquid
phase and in the vapor phase in this systemcan be predicted as illustrated in
Figs. 13 and 14 for 40°C. To validate the speciation results, the predicted and
experinmental vapor phase conpressibility factors have been conpared. This
conparison is shown in Fig. 15. The conpressibility factor is a nmeasure of the
association of HF, i.e., where is the total nunber of noles of all species in
an associated m xture, and is the nunber of noles of all species that would
exi st in the absence of association. As shown in the figures, the present node
can accurately represent the experinmental results for vapor phase speciation

The thernodynam c treatnment of sulfuric acid has been unusually difficult
because of the change of the aqueous speciation (H2SO4 0, HSO4 -, and SO4 -2)
with concentration, and the dissociation of the acid in the vapor phase to form
sul fur trioxide (H2SOX(g) = SO3(g) + H2O(g)). An accurate nodel of the systemis
hi ghly desirable due to the great practical inportance of this system The
interpretation of the Raman spectroscopic data indicates that a large fraction
of the sulfuric acid is in the formof the associated H2SO4 0 neutral species at
high sulfuric acid concentrations (e.g. ~75% of sulfuric acid is associated to
H2SO4 0 at © 0.4, and ~99%is associated in pure sulfuric acid at 25°C). The
results of VLE cal cul ati ons show a very good agreenent between the experinenta
and predicted total vapor pressure over the entire concentration range at
various tenperatures, as shown in Fig. 16. The cal culated partial pressure
behavior in the H2SO4- H20 systemis shown in Fig. 17 at 100°C in the vicinity of
the sulfuric acid azeotrope. O particular interest are the solubility

rel ati onshi ps for corrosion products (e.g., FeSO) in H2SO4 solutions. In
particular, it can be shown that the corrosion rate of sulfuric acid is
controlled by the solubility of FeSO4 in concentrated solutions. Figures 18 and
19 provide an exanple of the obtained results for solid-liquid equilibria and
heat capacities, respectively, for the system FeSO4 - H2SO4 — H2O. Figure 8.
Cal cul at ed and experimental vapor liquid equilibriumresults for the HC -water



systemat 0 and 70°C Figure 9. VLE results for the HC -waterisopropano

m xture as a function of tenperature at fixed liquid conmpositions. Figure 10.
Apparent ionization constants of acetic acid and formc acid in ethanol -water
m xtures as a function of the ethanol nole fraction Figure 11. Apparent

i oni zation constants of acetic acid and formc acid in nmethanol-water m xtures
as a function of the nmethanol nole fraction Figure 12. Cal cul ated and
experinmental vapor-liquid equilibria for HF-water at 1.0 atm Figure 13.
Predicted liquid phase speciation in the HF-water system Figure 14. Predicted
vapor phase speciation in the HF-water system Figure 15. The reciprocal of the
vapor phase conpressibility factor, 1/Z, of pure HF at wvarious tenperatures.
0. Figure 16. VLE results for the H2SO4- H20 system at vari ous tenperatures
Figure 17. The calcul ated partial pressures in the H2SO4- H2O system at 100°C in
the vicinity of the sulfuric acid azeotrope. Figure 18. Solubility results at
40°C for FeSO4 in H2SO4-H20 m xtures as a function of the weight percent of
sul furic acid. Figure 19. Heat capacity of FeSO4 solutions for various H2SO4
concentrations at 20 and 25°C. Task 3. Devel opnent of Software for Generating
Stability Diagrans for Metals in M xed- Solvent Systenms Subtask 3.1:
Integration of the m xed-solvent electrolyte nodel and the alloy stability

di agranms. The software for generating stability diagrams for alloys has been
integrated with the m xed solvent electrolyte nodel. For this purpose, the

al gorithm for generating real-solution stability diagrams (Task 1) has been
extended so that the activities of solution species are calculated using the
new y devel oped m xed-sol vent el ectrolyte nodel (Task 2). Wth this extension
the Iliquid phase does not have to be aqueous and stability diagrans can be
generated for any conbination of conponents. Subtask 3.2: Verification of

predi ctions of stability diagrans for nmi xed-solvent systens The stability

di agrans for mi xed-sol vent systens have been verified for Fe-Cr-Ni-M alloys in
systemnms containing protic solvents such as al cohols and glycols. In such
systems, the formation of passive filnms depends on the presence of water in the
system Thus, water acts as a corrosion inhibitor when it is present in small
concentrations. The stability diagranms are capable of representing this
behavi or by predicting the range of independent variables for which passive
films are present. This is illustrated in Figures 20 and 21 for chrom um
Simlarly, Figures 22 and 23 show the difference in the stability fields for
iron species in type 316L stainless steel in aqueous and nmethanolic solutions.
As shown in these figures, the passivity range is nuch reduced in acidic and
nearly-neutral nethanolic solutions in conparison with aqueous solutions. This
finding is in agreenent with experinental results. Figure 20. E-pH stability
diagram for Cr in aqueous solutions. PH was varied by changing concentrations
of HCl and NaOH. Figure 21. E-pH stability diagramfor Cr in nethanolic

sol utions. PH was varied by changing concentrations of HC and NaOH Figure 22.
E-pH stability diagram for Fe containing species in type 316 stainless stee

i n aqueous solutions. Figure 23. E-pH stability diagram for Fecontai ning
species in type 316 stainless steel in nmethanolic solutions. Figure 24. E-pH
stability diagramfor Zr in a mxture of nmethanol, a netal chloride and

anot her solvent at 120 C. Severe general corrosion was observed. Figure 25. E-
pH stability diagramfor the systemshown in Figure 25 with the addition of

1.5 % H2O. In this case, corrosion is inhibited. Figures 24 and 25 show t he
simul ati on of an actual experinment using stability diagrans for zirconium
Figure 24 was generated for Zr in a solution containing a m xture of methanol, a
metal chloride and additional solvents at 120 °C. Such as solution is weakly

aci di ¢ because of the hydrolysis of netal ions. As shown in Figure 24, the
Zr 2 passivating oxide is not stable wunder such conditions. This agrees with
the observed severe general corrosion in this system (Sal danha, 1996). Figure
25 shows a stability diagramfor the sane systemwith the addition of 1.5 wt%
H20. In this case, the stability field of ZrQ2 is predicted to cover a w der
range of pH, including the natural pH of the system This prediction agrees



with the enpirical observation that corrosion is inhibited by snal
concentrations of water in this system Subtask 3.3: Conmercialization of the
software for generating stability diagrans for m xed-solvent systems The code
for generating stability diagrams in m xed-solvent systens has been inpl enented
in OLI's Corrosion Sinmulation Program (CSP). CSP provides the ful

functionality for corrosion analysis using a sinple user interface. In the near
future, this code will be integrated with the Corrosion Analyzer. Task 4.

Devel opnent of a Kinetic Model of Metal Corrosion in Mxed Sol vents Rates of
general corrosion in aqueous environnents depend on a nultitude of factors such
as the chenmistry of the aqueous solution, concentrations of conponents,
tenperature, presence of nonaqueous phases, hydrodynam c conditions and
nmetal | urgical factors. Therefore, it is desirable to rationalize and predict
the effects of these factors using conputational nodels. For selected systens,
nodel s for calculating rates of corrosion have been devel oped by various

i nvestigators in the formof sem -enpirical correlations, electrochem cal nodels
or expert systens. In this project, we have devel oped a nodel that is capable
of taking into account the chemistry of the investigated systens in a
conprehensive way. The nodel is designed to provide a realistic representation
of chemi cal equilibria and thernophysical properties in the bulk solution and,
at the sane tinme, to account for the phenomena at the netal -solution interface.
To achieve this, the nodel has been designed to satisfy the follow ng

requi renments: (1) Utilize a conprehensive thernodynam ¢ nodel to conpute the
speci ation and activities of species in the aqueous solution; (2) WUilize
nodel s for calculating transport properties, which are necessary to predict mass
transfer effects; (3) Represent the partial cathodic and anodi c processes on
the netal surface; (4) Reproduce the active-passive transition and the effect
of active ions on passivity; (5) Reproduce experinmental corrosion rates using
paranmeters calibrated on the basis of a limted amount of data and (6) Be

i npl emented in an easy-to-use program The nodel has been described in detai

in recently published papers (Anderko and Young, 2000, Anderko et al., 2001
Sridhar and Anderko, 2001). Here, we outline the fundanentals of the npodel and
show sanpl e validation results. Subtask 4.1: Extension of the kinetic nodel of
corrosion to systens critical to the US chem cal industry. Structure of the
nodel . The starting point for corrosion analysis is the conputation of
speciation in the investigated system For this purpose, the thernmodynam ¢ node
outlined above is used. This nodel is used to predict the concentrations and
activities of both ionic and neutral species in nulticonmponent systens that may
contai n an aqueous phase, any nunmber of solid phases and, if necessary, a vapor
and a nonaqueous |iquid phase. The activities of individual species are further
used in the el ectrochem cal nodel. After conpleting speciation calculations,

di ffusion coefficients of individual species and viscosity of the solution are
al so conputed. The el ectrochenical nodel takes into account reactions on the
surface of the netal and transport processes for the species that participate
in the reactions. The nodel includes passivation phenonena, which nay be

i nfluenced by pH and the presence of aggressive or inhibitive species in the
sol ution. Further, the nodel conbines the partial processes to conpute
corrosion rates in the framework of the m xed potential theory. The npdel

i ncl udes expressions for partial anodic and cathodic processes, which may occur
under activation or mass transport control. The expressions are in agreenent
with the generally accepted views on the nechanisns of partial processes. In
the active state, the current density of netal dissolution is given by (65)
where the exchange current density i incorporates the effect of adsorption of
species and is related to the activities of solution species as described in
previ ous papers (Anderko and Young, 2000, Anderko et al., 2001). The active-
passive transition is introduced into the el ectrochenm cal nodel by considering a
current that leads to the formation of a passive layer in addition to the
current that |eads to active dissolution. At any instant, a certain fraction of



the surface .P is assuned to be covered by a passive |layer. The change of the
passive | ayer coverage fraction with time can be expressed as (66) where i MeO
is the current density that contributes to the formation of a passive |ayer. The
second termon the right-hand side of eq. (66) represents the rate of

di ssolution of the passive layer, which is proportional to the coverage
fraction. Solution of this equation in the steady-state limt yi el ds an
expression for the anodic dissolution current: (67) where iMe is the

di ssolution current density in the active state and the ratio ip = c/K
constitutes the passive current density. This forrulation can represent the
observabl e characteristics of the active-passive transition as denonstrated in
a previous paper (Anderko et al., 2001). In the absence of specific active ions,
t he passive current density depends prinmarily on the pH of the solution. For

aci dic solutions, we consider a dissolution reaction between the passive

oxi de/ hydroxi de surface |ayers and protons fromthe solution, i.e. =MeCa(OH) b +
sH+ = Me(OH)gt+ (68) where the synbol “=" denotes surface species. The
correspondi ng kinetic equation is (69) where denotes the surface concentration
of hydrogen ions and s is a reaction order. In neutral solutions, the

predom nant dissolution reaction is: =MeCa(OH)b + uH20 = Me(OH)n0O(aq) (70) and
the kinetic equation is: (71) Similarly, the predom nant reaction in alkaline
solutions is =MeCa(OH)b + vOH- = Me(OH)n - (72) wth a corresponding kinetic
equation given by (73) The total passive current density as a function of pH
is given by (74) The kinetic equations can be rewitten in terns of bulk
concentrations of ions by considering the mass transfer equation: (75) where
kmis a mass transfer coefficient and ai is the bulk activity of the reacting
speci es. The nmass transfer coefficient can be conputed for various flow regi nes
as described by Anderko et al. (2001). Then, the surface concentration ai * can
be obtained fromeq. (75) and substituted into eq. (69), (71) or (73). For
exanple, in the case when v=1, eq. (73) can be expressed in a closed form as:
(76) The relative inportance of the two ternms on the right-hand side of eq.

(16) depends on the particular system In addition to pH effects, sone active
ions may influence the magnitude of the passive current density. The effect of
active species on the dissolution in the passive state can be nodel ed by
considering surface reactions between the netal oxide film and sol ution species,

i.e., =MeOCa(OH)b + ciXi = =Medi (OH)fi Xci + eiOH (77) In eq. (77), the
stoichionetry is usually difficult to define because of the dynanmic nature of
the systemand nay be, in general, fractional. It is reasonable to assune that

eq. (77) is in quasiequilibrium and characterize it by an equilibrium constant.
The surface species that forms as a result of reaction (17) may undergo
irreversible dissolution reactions such as =MeCQdi (OH)fiXci + uH20 .. Me(OH)3 O
+ ciXi (78) Mathematical analysis of reactions (77-78) yields a relationship
bet ween the passive current density and activities of reactive species, i.e.
(79) where is given by eq. (74). Typical partial cathodic processes include the
reducti on of dissolved oxygen, water nolecules, hydrogen ions and other

el ectrochemcally active species. In aerated systens, the reduction of

di ssolved Q2 is usually the npst inportant cathodic reaction, i.e., O2 + 4H+ +
4e- .. 2H20 (80) The oxygen reduction process is subject to mass-transfer
[imtations, due to the diffusion of dissolved oxygen nol ecul es. Thus, the
expression for the current density for oxygen reduction can be expressed as
(81) where (82) (83) The reaction orders q and r in eq. (82) are, in
general, specific to the netal surface although they are expected to be simlar
within famlies of alloys. On the other hand, the diffusion-limted current
density (eq. 83) is practically independent of the surface because the mass-
transfer coefficient depends only on flow conditions, diffusivity of oxygen and
density and viscosity of the solution Another cathodic reaction is the
reducti on of water nolecules, which predom nates in deaerated neutral or

al kal i ne systems: H2O0 + e- .. 0.5H2 + OH (84) Unlike the reduction of oxygen
the water reduction does not exhibit a limting current density because there



are no diffusion limtations for the transport of H2O0 nol ecules to the surface.
Thus, the current density can be expressed as: (85) where (86) O her

i nportant exanples of partial electrode processes include: <« Reduction of
protons ¢ Reduction of carbonic acid, which is formed from di ssol ved carbon
dioxide in a kinetically controlled reaction + Reduction of oxidizing species
such as chromates, nitrites, hypochlorites, etc.  Reduction of netal cations
such as ferric or cupric ions A nore detailed discussion of these processes can
be found in previous papers (Anderko and Young, 1999, 2000, Anderko et al.
2000). The paraneters of the electrochemnm cal nodel are deternmined by utilizing
a large nunmber of experinmental polarization and corrosion rate data. The
partial electrochem cal processes described above are conbined into a tota
predi cted pol arization curve. Then, the corrosion potential is calculated by
applying the m xed-potential theory, i.e., (87) where ic,i and ia,j denote the
i-th cathodic and j-th anodic process. Detailed nodel of general corrosion. The
nodel descri bed above provides a very good representation of the effects of

envi ronnental variables on the rates of general corrosion. In addition

accurate predictions can be obtained very fast (after a conputation tine of the
order of a mnute). However, this nodel does not provide a detailed treatnent
of the changes in local chenistry and transport phenonena at the netal/sol ution
interface. Therefore, its range of applicability is limted to aqueous systens,
for which passivity phenonena can be successfully nodeled using the sinplified
treat nent descri bed above. For systens in which water is a minor conponent or
is absent altogether, a nore detailed treatnment of passivity is necessary. The
fundamentals of this treatnment are described in Appendix A Subtask 4.2: Review
of the basis of the nodel by Academ c Revi ew Panel The Acadeni c Revi ew Pane

(as described for Subtask 1.2) has reviewed the kinetic nmodel of genera
corrosion at its three review neetings and provi ded feedback to devel opers.

Subt ask 4.3: Verification of the predictions of the kinetic nmodel The kinetic
nodel of general corrosion has been applied to a | arge nunber of systens
containing the follow ng solutes: Neutral species: H20, 2, CO2, H2S, N2 and
all inert gases, C2, SO2, So and NH3. Anions: O4, C-, Br-, |-, HCO3 -, CO3 -
2, HS-, S2-, SO4 2-, HSO™4 -, SO3 2-, NO2 -, NO3 -, MoO»4 2-, CN-, CdOM4 -, dXB -
, OO, acetate, formate, Cr(VI) anions, As(lll) anions, P(V) anions, WWVI)
anions, B(IlIl) anions and Si(1V) anions. Cations: H+, alkali netals, alkaline
earth nmetals, Fe(ll) cations, Fe(lll) cations, Al (lIl) cations, Cd(Il) cations,
Sn(ll) cations, Zn(ll) cations, Cu(ll) cations, Pb(ll) cations and NH4 +. Here,
we denmponstrate the capabilities of the nodel for selected systens that involve
both active dissolution and passive behavior. Figure 26 shows the cal cul at ed
corrosion rates of carbon steel in sulfuric, phosphoric and hydrochloric acids.
In this case, the corrosion is entirely in the active state. Thus, the observed
corrosion rates result fromthe interplay between two predom nant el ectrode
processes, i.e., the anodic dissolution of iron and the cathodic reduction of
protons. The observed differences in the corrosion rates in the three acids can
be easily rationalized in terns of the nodel. The difference between sulfuric
and phosphoric acid is sinply due to differences in speciation, i.e., the |ower
activity of protons in phosphoric acid makes it less corrosive than sulfuric
acid. In the case of hydrochloric acid, the corrosion rates are | ower than

those for H2SO4 for | ow and noderate concentrations of the acids. This is due to

the adsorption of Cl- ions on iron. At high HCl concentrations, the rate
becomes hi gher because of halideaccel erated dissolution. Both effects are taken
into account by the nodel. It should be noted that the data shown in Figure 26

were used to regress the electrochenm cal paraneters (i.e., the exchange current
densities). The results shown in this figure can be regarded as a correlation
of experinental data rather than a prediction. Therefore, it is worthwhile to
verify the nodel by conparing predicted corrosion rates with experinental data
that were not used to regress the nodel paranmeters. Such a conparison is shown
in Figure 27 for carbon steel in acetic acid. In this case, the corrosion rate



is deternmined by the speciation (which determnes the activity of protons) and
the kinetic processes of iron oxidation and proton reduction. Both kinetic
processes are influenced by water activity as di scussed by Anderko and Young
(2000 and references cited therein). The water activity effects manifest

thensel ves in the decrease in the corrosion rate at high acetic acid
concentrations, at which the water activity is reduced. The reaction orders
with respect to water, which quantify the water activity effects were obtained
fromdata on general corrosion in concentrated brines (Anderko and Young,

2000). Thus, the corrosion rates shown in Figure 27 could be predicted wthout
using the acetic acid data to fit corrosion rates. In the case of stainless
steel s, active-passive transitions play a nore significant role. Figure 28

shows the cal cul ated corrosion rates of type 316 stainless steel in sulfuric and
hydrochloric acids. Here, the trend is different fromthat observed for carbon
steel (cf. Fig. 26) because HCl is nore corrosive than H2SO4 at the sane | ow
and noderate molalities. This is due to the effect of chloride ions on the

di ssolution of oxide filnms. It is particularly interesting to exam ne the

predi ctions of the nodel for the corrosion rates in mixed acid systems. An
exanpl e of such calculations is shown in Figure 29 for the m xture of sulfuric
and hydrochloric acids at 40 °C. Wen small concentrations of HCl are added to a
20% H2SO4 sol ution, the corrosion rate increases. This cannot be attributed to
smal |l changes in acidity. Rather, it is due to the effect of chloride ions on
the active-passive transition. This effect is reproduced by the nodel and a
reasonabl e agreenent with experinental data is obtained. Since the nodel is
based on a conbi ned el ectrochem cal and thernodynam c view of genera

corrosion, it can predict the corrosion potential in addition to the corrosion
rate. This is illustrated in Figure 30 for type 304 stainless steel in aerated
acidic solutions. Here, a distinct junmp in the corrosion potential is observed
as the pHis increased beyond a certain level. This junp is due to a transition
fromcorrosion in the active state at strongly acidic conditions to corrosion in
the passive state. Figure 31 shows the corrosion rate of type 304 stainless
steel in nitric acid as a function of concentration and tenperature. These
rates are much snmaller than those observed in sulfuric or hydrochloric acid of
simlar concentration and reflect the dissolution in the passive state. It is of
particular interest to examne the transition between active and passive

di ssolution as HNO3 is added to a H2SO4 solution. This is illustrated in Figure
32. The nodel quantitatively reproduces this transition. It is noteworthy that
t he nodel predicts a certain concentration range in which the corrosion rate
can oscillate between active and passive dissolution. Numerous additiona

results of validating the kinetic nodel of general corrosion have been reported
in recently published papers (Anderko et al., 2001, Anderko and Young, 200l1la, b,
Sridhar and Anderko, 2001, Sridhar et al., 2003). Text Box: Figure 26.
Cal cul at ed and experinmental corrosion rates of carbon steel in sulfuric,
hydrochl ori ¢ and phosphoric acids at 33 °C. Text Box: Figure 27. Calcul ated and
experinmental corrosion rates of carbon steel in aqueous acetic acid. Text Box:
Figure 28. Cal cul ated and experinental corrosion rates type 316 stainless stee
in sulfuric and hydrochloric acids. Text Box: Figure 29. Effect of HC
concentration on the corrosion rate of type 316 stainless steel. The | ower line
shows the corrosion rate in pure HCl solution and the upper line shows the rate
in a 20% H2SO4 solution with varying concentrations of HCl added to the system
Text Box: Figure 30. Calculated and experinmental corrosion potential of type 304
stainless steel as a function of pHin aerated sulfuric acid solutions. Text

Box: Figure 31. Calcul ated and experinental corrosion rates for type 304L

stainl ess steed as a function of concentration and tenperature. The experinmenta
dat a have been taken from the Dechema Corrosion Handbook, vol. 10. Subtask 4. 4:
Commerci alization of software products The Corrosion Analyzer software product
(cf. the description under Subtask 1.5) encapsulates the kinetic nodel of
general corrosion descri bed above. The Corrosion Analyzer enables the wuser to:



(a) Calculate the rates of general corrosion for a given environnent; (b)
Perform surveys as a function of selected independent variables (c) Viewthe
predi cted pol ari zati on behavior to understand the el ectrochem cal processes

that lead to corrosion. Corrosion Analyzer is currently available as a
commercial product. Current information about this product can be obtained from
the OLI web site (www. olisystens.conm). Further, OLI has entered into an
agreenent with InterCorr International, a |eading provider of corrosion
technol ogy solutions, for the commercialization of the Corrosion Analyzer

Subt ask 4.5: Communi cation of the results to the US chenmical industry For the
comuni cation of the results of this project to the U S. chem cal industry, OLI
has taken the followi ng steps: (a) Marketing materials, technical papers and
sof tware manual s have been prepared. They are available from OLl Systens. (b)
In collaboration with the Materials Technol ogy Institute (MIl) and InterCorr

OLl Systens has organized three free regional seminars to di ssem nate

i nformati on about the newy devel oped technology. Two of these sem nars have
taken place in Baltinore (April 29, 2003) and Indianapolis (June 2, 2003, in
conjunction with and MIl neeting). The last senminar is scheduled in Houston
(June 17, 2003). Details about these semi nars are given in the announcenent

bel ow. Text Box: Figure 32. Cal cul ated and experinmentally obtained effect of
nitric acid concentration on the corrosion rates of type 304 stainless steel in
10% H2SO4 at 60 °C. The experinental data have been taken fromthe Dechena
Corrosi on Handbook, vol. 10. Figure 33. Announcenent of the seminars to
communicate the results of this project to the U S. industry. Publications The
results of the work performed during the course of this project have been
published in the follow ng papers: 1. A Anderko, P. MKenzie and R D. Young,
“Comput ation of rates of general corrosion wusing electrochenical and

t her nodynam ¢ nodel s”, Corrosion, 57 (2001) 202-213. 2. P. Wang and A. Anderko,
“Comput ation of Dielectric Constants of Solvent M xtures and Electrolyte
Solutions”, Fluid Phase Equilibria, 186 (2001) 103-122 3. A Anderko, P. Wang
and M Rafal, “Electrolyte Solutions: From Thernodynam ¢ and Transport Property
Model s to the Sinulation of Industrial Processes”, Fluid Phase Equilibria, 194-
197 (2002) 123-142 4. P. Wang, A. Anderko and R D. Young, “A Speciation-Based
Model for M xed-Solvent Electrolyte Systens”, Fluid Phase Equilibria, 203
(2002) 141-176. 5. P. Wang and A. Anderko, “Modeling Self-Diffusion in M xed-

Sol vent Electrolyte Solutions”, Ind. Eng. Chem Res., in press. Also, the
foll owi ng papers were given at conferences: 1. N Sridhar and A Anderko,
“Corrosion Simulation for the Process |Industry”, paper no. 1348, CORROSI OV 2001,
Houst on, Texas, and March 11-16, 2001. 2. A Anderko, P. Wang and M Rafal

“El ectrol yte Solutions: From Thernodynanmi ¢ and Transport Property Mddels to the
Simul ati on of Industrial Processes” (invited lecture), 9th Internationa
Conference on Properties and Phase Equilibria for Product and Process Design”,
Kurashi ki, Japan, May 20-25, 2001. 3. A Anderko, P. Wang, R D. Young, D.P
Riemer, S.S. Babu, P. Angelini and WB. A Sharp, “Prediction of Corrosion of
Al l oys in M xed- Sol vent Environnents”, paper 134e, 2002 Al ChE Spring Nationa
Meeting, New Ol eans, LA, March 10-14, 2002. 4. A. Anderko, “Sinulation of
Aqueous Corrosion Using Thernodynam ¢ and El ectrochem cal Mdels” (invited

| ecture), 2002 Gordon Research Conference on Aqueous Corrosion, New London, New
Hanpshire, July 14-19, 2002. 5. P. Wang, A. Anderko and R D. Young, “A
Speci ati on-Based Model for M xed- Solvent Electrolyte Solutions”, 5th

I nternational Conference on Sol vo- Thermal Reactions, East Brunsw ck, New
Jersey, July 22-26, 2002. Software The results of the work reported here have
been encapsul ated in the Corrosion Analyzer, a software product that is

avail able from OLI Systens Inc. Web site Up-to-date information about the
Corrosion Analyzer software and new technol ogy devel opnents at OLI Systens can
be found on the website www. ol i systens.com Acknow edgenent The work reported
herein was supported by the Departnent of Energy under the Cooperative Research
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